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ABSTRACT

Langmuir probes can be extremely useful tools for re-entry physics
studies. However, classical probe theory, as developed by Langmuir, is
predicated upon a number of conditions that will not hold true over an
entire trajectory. - It is necessary to determine the errors involved in
the inferred plasma parameters and to develop a theory that will enable

one to interpret the data over the complete trajectory. ;)r75;9 7

In this report classical probe theory is reviewed, and the condi-
tions under which it is applicable are pointed out. Some later develop-
ments in probe theory that account for flow velocity in the free-molecular
case are also discussed. The use of flush probes on re-entry vehicles is

considered, both theoretically and experimentally.

The theory of ion collection using long cylinders in a supersonic
flow, where the probe radius is of the order of the mean free path, has
been confirmed over a range of electron densities by a series of measure-
ments in an arc-driven shock tube. Probe data were checked with equili-
brium calculations and with a 33-Gc microwave interferometer. Agreement
was better than a factor of two among the three means of determining

electron density.

Evidence is given for a scaling relation for cylindrical probes in

continuum flow. The product n+rp (where n+

probe radius) is a constant with initial pressure and probe radius, and

is ion density and rp is

depends only on shock velocity.

Preliminary results for a narrow wedge probe at zero-degrees angle
of attack indicate that this geometry may be practical for the design of

a probe for use on re-entry vehicles,

Preliminary measurements have also been made with flush probes
mounted in the walls of the shock tube. The measured results are inter-
preted using a simple boundary-layer theory for the electron concentra-
tion near the wall. Good qualitative and fair quantitative agreement
have been obtained.
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I INTRODUCTION

The determination of the electron density surrounding a re-entry
vehicle from gas-dynamic calculations is hampered by uncertainties in
the rate constants of the ionization processes as well as by the effects
of ablation products. Howevér, calculations have been made, and it would

be desirable to be able to check them with flight-test data.

One common method of determining electron density is to measure the
absorption and phase shift of microwaves that propagate through the
plasma sheath. However, these measurements give only limited informa-
tion; one obtains only an integrated value of absorption and phase shift.
In order to interpret the results in terms of electron density and
collision frequency, it is necessary to estimate the spatial distribu-
tions of these parameters, although the spatial distribution is itself
one of the parameters of interest. In addition, the dynamic range of
parameters that can be measured by such methods in a realistic flight
test is usually quite small. For a given microwave frequency, it is
usually possible to determine the electron density only when the plasma

frequency is of the order of the microwave frequency.

The limitations in the use of microwaves apply equally well to the
technique in which the reflected signal is monitored. This signal is
appreciable only when the plasma frequency is greater than the microwave
frequency. When the plasma frequency is greater than the microwave fre-
quency the reflected signal approaches a constant value, and no further
information about the plasma is obtained. Therefore, the reflected
signal technique is useful mainly in determining when the plasma fre-
quency is the same as the microwave frequency and is noted by the rapid

rise in reflected signal.

As interest in hypersonic flows of the order of Mach 30 increases,
the usefulness of microwaves becomes even smaller. This is true because
the electron densities produced at these velocities are so high that it

would be impracticable to fly transmitters of sufficiently high frequency



to prevent the plasma frequency from being higher than the microwave

frequency, once ionization starts,

An alternative technique for measuring electron density during
flight tests is to use electrostatic probes. We shall adopt the con-
vention of calling electrostatic probes that operate under the classical
Langmuir conditions "Langmuir' probes. All probes that do not satisfy
these conditions will be called simply "electrostatic'' probes. It is
possible to design these probes so that measurements can be made with a
spatial resolution of less than 1 mm. Thus, use of a probe that could
move radially outward from the re-entry vehicle would make it possible
to determine the spatial distribution of electrons. Alternatively, one
could use several probes mounted at different radial distances from the

vehicle surface,

Langmuir probes are inherently capable of measuring a wide range of
electron densities. They appear to be worthy of consideration for flight
tests. Probe theory, however, is predicated upon a number of conditions
that will not hold true over an entire trajectory. It is necessary to
determine the errors involved in the inferred plasma parameters and to
develop a theory that will enable one to interpret the data over the

complete trajectory.

The theory of Langmuir probes is well established for the free-
molecular case, i.e., when the mean free path is much greater than the

probe radius and the sheath thickness.?

Furthermore, the classical
Langmuir theory does not consider the case of a flowing plasma moving
with supersonic velocity. For probes to be useful as diagnostic tools
aboard re-entry vehicles it is necessary to have a theory that will in-
clude flow effects. The usefulness of such probes will be further en-

hanced if measured probe current under short mean free path conditions

can be interpreted to yield values for the electron density.

On a previous contract (NAS1-2967) we used rapidly sweeping voltage
circuitry to obtain complete current voltage characteristics for equal-
area probes in an electromagnetic shock tube. These probes indicated

electron densities that checked microwave measurements even when the




probe radius was of the order of the estimated mean free path. However,

the actual value of the mean free path was quite uncertain.

Under this contract we are studying both the effects of flow
velocity and short mean free path. We have used an arc-driven shock
tube to produce equilibrium, supersonic samples of partially ionized
air. The properties of the gas, including mean free path, are thus well
known. By inserting a series of cylindrical probes of varying diameter
into this flow we have obtained several interesting results. Theories
of probe operation have been recently developed for the case of free-
molecular supersonic flow, and our data show that these theories can be
used to measure electron density for probe diameters up to several mean
free paths. A quantity of data was also gathered for the case that is
more difficult to handle theoretically--supersonic flow with the mean
free path much smaller than the probe diameter. It is to be expected
that under these conditions the probe will have a shock surrounding it,
and thus interpretation of the probe current in terms of the incident
plasma properties would have to take into account the change in properties
due to the shock. The problem is further complicated by the fact that
the flow times around the probe are so short that for a large range of
conditions the flow around the probe will not be in equilibrium. It
would thus be necessary to introduce the appropriate rate constants and
solve the flow problem with finite time chemistry. This is a very diffi-
cult problem theoretically, and it is clear that solutions would not be

any more accurate than the rather poorly known rate constants,.

Our approach has been first to gather data on probe operation under
these conditions and then to see whether there are any applicable scaling
relations which enable one to generalize the results. Such scaling re-
lations could also be used by the theoretician as a guide in identifying
the dominant processes and hence simplifying his analysis. Through
analysis of the data we have gathered to date, it appears that a scaling
relation does exist when the probes are in the continuum flow regime,

We cautiously use the word "appears” because the data are too scénty for
us to be sure that the scaling extends over the full continuum flow

regime.



II ELECTROSTATIC PROBE THEORY

In this section we summarize some of the results of classical
Langmuir theory and point out its limitations. Next, we discuss recent
work on the operation of electrostatic probes in supersonic and hyper-
sonic flowing plasmas under free—molecular conditions. Two geometries
are considered: right circular cylinders and small-angle wedges. A
qualitative discussion of probes operating in the continuum flow regime
is given. Finally, the operation of flush probes is considered. The
work on flush probes was supported by the Advanced Research Projects
Agency under Contract SD-103, and is included here because it is of
interest in connection with possible probe configurations for re-entry

vehicles.
A. OPERATION OF PROBES--CLASSICAL THEORY

An electrode or probe inserted into a plasma will collect charges
until it has sufficiently high potential with respect to the plasma to
neutralize the net charge arriving at the electrode, i.e., the electrode
potential is such as to equalize the electron and ion flux. If the elec-
trode potential is made increasingly negative with respect to a second
electrode, fewer and fewer electrons will reach the probe until only
positive ions are collected. Conversely, if the probe potential is made
increasingly positive with respect to the second electrode (and the area
of the second electrode is greater than that of the first by the square
root of the mass ratio of ions to electrons), the probe will collect

only electrons.

When electrostatic probes are used to collect electrons, the
saturated electron current density, J , is related to the electron

density, n_, by the expression




where

v is the electron random velocity =

e is the electron charge
k is Boltzmann's constant

T 1is the electron temperature

m 1is the electron mass.

When ions are collected, the relationship between ion current density
and ion density (or electron density, assuming that n = n+) has been

shown by Bohm et al.® to be approximately

J+ = 0.4n+ev+ R (1)
where
kT \ *
v+ is the velocity with which ions reach the sheath = E——
+

nu_is the ion mass.

From the expression for saturated ion current density, it can be seen
that if the ion mass and electron temperature are known or can be esti-
mated, a measurement of the ion current density is sufficient to deter-
mine the electron density. Estimates can often be made of ion species,
and hence ion mass; in addition, the electron temperature also may be
estimated from gas-dynamic considerations. In either case, errors in
these quantities will not be very serious, since they both enter into
the expression for current density as the square root. For example, if
the temperature at a certain region on a re-entry vehicle is estimated
at 3000°K when it is really only 2500°K, the error in ion density is

only about 10 percent.

Between these two saturated regions is a region that may be used

to determine the electron temperature.

For potentials below plasma potential, the electrons see a poten-

tial barrier that only the higher-energy electrons can overcome to be




collected at the electrode. If, at the sheath edge, the random electron
current density is J_, then at a point in the sheath where the potential
is V volts below the plasma potential, the electron current density is

J_exp(- eV/KT_).

The net current density is the algebraic sum of the ion and electron

current densities, so that the net current density is

Jnet = J_exp(- eV/kT ) - J+ . (2)
Bringing the ion current density to the left side of the equation and
taking logarithms of both sides, we obtain

nat
et

1n(J+ + J‘ ) = InJ_ - eV/KT_ . (3)

Thus T_ may be found from a semilogarithmic plot of J+ + Jnet as a
function of V. This plot will be a straight line with slope e/kT_ for

a Maxwellian energy distribution.

Since we have found that measurements on the ion-saturation-current
side are more accurate than measurements on the electron-saturation-

current side, we shall restrict the following discussion to the ion side.

In making probe measurements, one measures current rather than
current density. Therefore, it is necessary to know the relation between
these two quantities. From a consideration of the formation of plasma

sheaths, the sheath thickness, ds’ can be approximated by
4

where

>’
]

Debye length =

ev




and GO is the permittivity of free space. Equation (4) is the expression
for the sheath thickness for space-charge-limited flow in a planar
geometry. This equation is obtained by equating the current density
given by the planar space charge equation to the random current density
of Eq. (1). The approximation of a planar solution for sheath thickness
is applicable to nonplanar probes only when the sheath thickness is

small compared to the probe radius. When the sheath thickness is large,
it can be shown' that the current collected by a probe may be made inde-

pendent of the sheath dimensions, so that the approximation of Eq. (4)

is no longer required.

a=r1Ir d » ( )

where rp is the probe radius. If the probe radius is larger than the
sheath thickness, then all the particles that pass through the sheath
edge will be collected by the probe and the probe area will be approxi-
mately equal to the sheath area. Under these conditions, the probe

current for a cylindrical probe is

= 6
I+ 2nrpLJ+ (6)

and for a spherical probe,

I, = 4nriJ (7)

+ +

where

I+ is the probe current

L is the probe length.

A further consequence of requiring the probe sheath to be of the
same order as the probe radius is that the probe current will be rela-
tively insensitive to the probe potential, as long as the potential is

sufficiently negative to draw saturation current. This is so because




the increase in probe current with potential is due to an increase in

the sheath thickness, which increases the area through which current
passes. However, since the sheath area is approximately equal to the
probe area, there will be no significant change in the current-collecting

area.

In order to ensure this condition, it is necessary that

r >>d
jo) s

and that the probe potential be such that

If these conditions are not satisfied, the current will be a func-
tion of voltage and will no longer be simply equal to the product of
the random current density and the physical area. Interpretation of
probe current in terms of electron densities under these conditions be-
comes more compliéated, but verified theories for such interpretations

3-5

are available. The results are summarized in the following.

When T >> a/rp, where a is the sheath radius and rp is the probe

radius, the current is a function of a/rp:

I+ = (a/rp)2*rrrpLJ_+ (for a cylindrical probe)
and
I, = (a/r )24nr2J (for a spherical probe)
+ P p+ P P :

When T << a/rp and T} > 2, the current is a function of potential but is

independent of a/rp.




(for a cylindrical probe)

2
= 12
I+ ﬁ J1 + TTrpLJ+

and

= ﬂ4ﬂr2J

P+ (for a spherical probe) .

I

+
These are asymptotic cases. Hok? has calculated the dependence of ion
current on ion density and temperature for a cylindrical probe for the
whole range of T and a/rp. For the spherical probe, the intermediate
range of T and'a/rp can be approximated using the solution of Allen

et al.B

Hok's results are shown in Fig. 1, where Hok has plotted the
current, normalized to the product of the physical area and the random
current density, as a function of T for a wide range of values of the
ratio of the sheath to the probe radius. The asymptotic solutions given
above are illustrated in this figure. When a/rp ~ 1, the normalized
current is 1; when a/rp < /ﬂ} the curves flatten, and the normalized
current is independent of T and equal to a/rp; when a/rp > /T, the

2
normalized current is equal to 7?‘/I + 1 and independent of a/rp

Although this plot is extremely useful for a general understanding
of the different regimes under which a probe may operate, we must know
a/rp in order to use it for determining the electron density from a
measurement of current. The space-charge-limited diode equation may be
manipulated so that values of a/rp can be found in terms of the measured
current and other measurable parameters--probe length, diameter, and
potential. The results are shown in Fig., 2. The probe-to-plasma poten-
tial, V, is not the same as the applied potential, but can be taken as
the applied potential plus 5 kT/e for purposes of estimating a/rp. In
order to estimate ﬂ, it is necessary to have some idea of the temperature,
but for large values of T|, this term, which only varies as the square

root, does not contribute significantly.

10
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FIG. 1 NORMALIZED PROBE CURRENT AS A FUNCTION OF 5, WITH a/r,
AS A PARAMETER

Figures 1 and 2 combined enable one to transform the measured
current into electron density (if the temperature is known) without the

necessity of considering which asymptotic solution is applicable.
B. CONDITIONS FOR APPLICABILITY OF CLASSICAL PROBE THEORY

There are a number of conditions that must apply for classical

probe theory to be applicable:

(1) The mean-free path must be much larger than the
probe dimension. This is necessary to ensure that

the probe does not disturb the plasma, and may be

11
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FIG. 2 c/% AS A FUNCTION OF THE MEASURED PARAMETERS

written as
rp < )» (A = mean-free path)

(2) The sheath thickness must be much less than a mean
free path. This ensures that there are no collisions
in the sheath, an assumption used in deriving the
relations between current and probe potential, This
may be written as

d =a-r <
p A

(3) There is no net flow velocity. This may be written as




(4) There is frozen flow across the sheath; i.e., there
is no ionization or ionization loss--such as re-
combination-~in the sheath. This may be expressed

as a current~continuity relation

(5) So far we have concentrated on the current collec-
tion properties at only one electrode; however,
for current flow there must be another electrode
in contact with the plasma to complete the circuit.
This second electrode must have sufficient area for
current collection so that the sheath around it does
not limit currcnt flow in the system, This considera-
tion of area is especially important in making the
temperature measurement and in ensuring that condi-
tions are proper for measuring the random electron
current density. 1If the area is too small, a satura-
tion current will exist for both ion and electron
currents; however, the electron saturation current
will be less than the full random electron current
density. The area ratio is related to the ratio of
mobility of electrons and ions; in air, the ratio

must be at least 250.

Area Electrode 1
Area Electrode 2

> 250 .

If the electrode-area ratio is less than this value,
the full random electron current density will not be
measured at any potential. The electron temperature
can be inferred from the current/voltage plot, but
the interpretation will be somewhat different than
that outlined above. The theory of probe operations
at area ratios less than that indicated above has

been worked out by Johnson and Malter.®

13



C. ION COLLECTION WITH FLOW VELOCITY--FREE-MOLECULAR CASE

Several theoretical treatments’ ~°

of the problem of ion collection
in a flowing plasma have been made for the case where there are no
collisions in the sheath and where the probe is smaller than the mean
free path. It is also usually assumed that the form of the sheath is

not disturbed by the flow.

The theoretical relation between probe current and flow velocity
is shown in Fig. 3 for the case where the sheath thickness is small
compared to probe radius, Under these conditions, a useful parameter
that indicates whether the flow has a significant effect on ion current
collection is thelratio of flow velocity, Vs to thermal velocity,

v+[v+
number for air before dissociation. When the Mach number is much less

- (2kT_/m+)§]. This ratio is approximately 0.8 times the Mach

than unity, the effect of flow is negligible. When the Mach number is
greater than about three, the current is essentially made up of the

flow of ions into the projected area of the probe. Thus, for a/rp ~ 1,

I, =n,ev 2rpL (for cylindrical probes with flow
perpendicular to axis)
and

2
I, =n,ev ﬂrp (for spherical probes) .

When the sheath thickness is larger than the probe radius, the
problem is more complicated. 1In addition to the Mach number, one must
consider the relation between the potential field around the probe,
which pulls the ions toward the probe, and the inertia of the ions,
which can carry them through the potential field without their being
collected, This problem was treated by Smetana;9 his results are
shown in Fig. 4. The actual current collected is obtained by multi-
plying the random current collected through the physical area of the

probe by the factor F, given in Fig. 4.

When S (which is Vf/V+) is equal to zero, we have the case dis-

cussed previously, when N << a/rp; i.e., the current increases with

14
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1
(M + 1)%. As S becomes greater than zero, the current at low values of

T| increases; at high values of T, the current is unchanged.

This behavior can be explained as follows. At low T and large
a/rp, the potential field is so weak that most of the ions that enter
the sheath orbit past the probe and leave the sheath without being
collected., Under these conditions, the current collected is equal to
the random current density times the physical area of the probe. Thus,
at low T, when the current is only proportional to the physical area of
the probe with S = 0, the addition of flow increases the current collected,
just as it would in the case of a/rp ~ 1. When values of S are large,
F ~ S and I+ 2y nevap, where Ap is the projected area.

At higher values of T, with S = 0, a larger percentage of the ions
that enter the sheath are collected by the probe. From simple orbital

calculations one finds that for a given potential V and particles

16




entering with initial energy VO’ the radius at which particles will just
1

be collected is r, = rp(l + V/VO)Eﬁ Therefore, the current that is

collected is proportional to the flux entering the sheath out to a radius

ra times the area at that radius:

._%
oC
I+ nVO

-

X rp(l + V/VO)

For S equal to zero, V, = kT /e and I+

a/rp > 7. 1In the limit of n>1,1 < VErp,.

= 2 1
proportional to SVS and ra = rp(l + V/S VO)E. Thus, the absorption

is given by the equation for
1

When S > 0, the flux is

radius is decreased, while the flux entering the sheath increases so

that

1

2
2
I+ o nSVO X rp(1-+ v/S Vo)

Py
=2

2
When T| >> S, this reduces to the same value as when S = O.

With this understanding of current collection under flow condi-
tions, let us reconsider Fig. 1. Using the asymptotic solutions for
S =0 and S >> 1, we can formulate a transformation of the coordinates
which will be useful for analyzing probes in flowing as well as non-

flowing plasmas.

The abscissa, ﬂ, is the ratio of the potential energy of the
electric field to the kinetic energy of the electrons. For a flowing
plasma, the kinetic energy of the electron, at large values of S, is
S2 times as great as their kinetic energy of random motion. Thus, if
we replace 7 by ﬂ/Sz, the abscissa will measure the same ratio of
energies, including that of the flowing plasma. A more correct formu-
lation would be T/(1 + Sz), since we know that when S = 0, the frans—

formation should reduce to T.
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Similarly, the ordinate, I/AJ, is a measure of the ratio of the
current collected by the probe to the random flux which enters the
physical area at a velocity proportional to the square root of the
kinetic energy. But with flow, the flux is increased by a factor S, and
therefore the ordinate may be written as I/(AJ)S, or, to cover the case

2 1
of S =0, I/(1 + S7)%(aJ).

If the ordinate and abscissa in Fig. 1 are transformed in this way,
we obtain a chart for probe operation both with and without flow and
for both large and small sheaths. The values obtained in this way agree
with Smetana's9 results quite well., On the other hand, there is very
little experimental verification of these theoretical treatments. In
the experimental section of this report we shall present evidence for the

case of small sheaths,.
D. CYLINDRICAL PROBES IN CONTINUUM FLOW

When the probe dimension becomes much larger than the mean free
path, it is to be expected that a shock will be formed around the
probe.lO No theoretical treatment exists for cylindrical probe opera-
tion under such conditions; in this section we merely mention some of

the processes that might be operative.

When a shock forms around a cylindrical probe in a flowing plasma,
the probe will be "isolated'" from the incident plasma in the sense that
it will be sampling conditions behind the secondary shock rather than
conditions in the incident plasma. The probe will still measure the
flux across the sheath, but the problem will be in relating this flux

to the incident quantities.

The gas which goes through the shock will be compressed, so that
even if no additional ionization occurs, the electron density will in-
crease from that of the incident flow. The gas velocity will be slowed
down and its direction changed. Since the gas temperature will increase,

the Mach number behind the shock will be reduced.

The shock detachment distance is essentially a function of probe

radius and Mach number, being roughly of the order of a few tenths of
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the probe radius. If this distance is too short for chemical relaxation
to occur, the gas will be in a condition of nonequilibrium. The gas
molecules may flow around the probe before their high translational

energy can be converted into ionization and dissociation.

Even if the gas does equilibrate, a boundary layer will always form
and will almost certainly not be in ionization equilibrium. (The elec-
tron density will not equal the value for equilibrium conditions at a
given temperature and gas density.) Except for very weak shocks, the
sheath will generally be embedded in the boundary layer, so that it is
important to be able to relate the boundary-layer parameters to the
incident flow parameters. Recombination in the boundary layer may be
important at the very high electron densities formed by the secondary

shock.

Adequate handling of this case theoretically would be a formidable
undertaking. Our approach has been first to gather data on probe opera-
tion under these conditions, and then to see whether there are any
applicable scaling relations which enable one to generalize the results,
Such scaling relations could also be used by the theoretician as a guide
in identifying the dominant processes and simplifying his analysis. The

results of such an experimental program will be presented in Sec. III.
E. NARROW WEDGE PROBES

Use of a wedge structure is of interest because the wedge offers
the possibility of providing minimal disturbance of the flow field near
the probe while maintaining adequate mechanical strength. To avoid
disturbing the flow, cylindrical probes must have radii that are small
compared to the mean free path, and thus they are mechanically poor.
With a wedge, it may be possible to maintain the flow undisturbed simply
by the geometry of the structure, and since the base of such a wedge
would be much larger than a free-molecular cylinder, thevwedge would be

much stronger.

Recent theoretical investigations of the flow field about slender

cones under re-entry conditions have indicated that these bodies produce
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electrons only in the boundary layer surrounding the body.*!;'® Further-
more, the values of the electron densities in the boundary layer are
quite low compared to the electron densities produced by blunt-nosed
bodies at the same altitude and velocity as the cones. On slender

cones the boundary-layer electrons are produced only after the gas

has moved many feet down the body.

Applying these ideas to probes, we thought it would be interesting
to construct a two-dimensional wedge in order to determine whether the
shock structure produced by such a body would minimize the change of the
incident flow parameters. There are two ways in which such a wedge could
be used to advantage. First, if the leading edge of the wedge were made
sufficiently sharp so that it was free-molecular, this edge could be
electrically isolated from the rest of the wedge and used as a free-
molecular electrode. The changes in electron density due to the shock
formed around the wedge would not affect the plasma at the electrode,
because in supersonic flow, changes produced downstream from a point
cannot propagate upstream and alter the gas properties at the upstream
point. Thus, changes produced by the shock structure downstream of the
leading edge of the wedge could not reach the leading edge. An example
of such a probe is a small wire used as the leading edge of a wedge made
of dielectric., The wire serves as the electrode, and the rest of the

wedge is a mechanical support.

Alternatively, the entire wedge could be used as an electrode.
In this case, the shock structure produced by the wedge would be suf-
ficiently weak and the flow times sufficiently short that the incident

plasma would not be appreciably changed in the vicinity of the probe.

In order to interpret the current collected by a narrow wedge, we
have used a free-molecular theory derived for a flat plate inclined at
an angle to the flow. The results are shown in Fig., 5.° This figure
shows a velocity factor which must be used to multiply a constant factor

in order to give the net current

n+e v+
I = — (velocity factor) (area) .
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FIG.5 VELOCITY FACTOR AS A FUNCTION OF VELOCITY PARAMETER
FOR FLAT PLATES

Note in Fig. 5 that the velocity factor tends to 1 as the angle between
the flow velocity and the normal to the plate increases. Under these
conditions, the flow velocity becomes less important, because the area
projected into the flow tends toward zero as § goes to 90 degrees. When
this occurs, the current collected is attributable only to the thermal

motion of the electrons.

A narrow wedge at zero-degree angle of attack can be considered as
two flat plates inclined at opposite angles to the flow. Thus, we can
interpret the current to the wedge using Hoegy's and Brace's theory.8
Of course, their theory is for free-molecular conditions, whereas we
are interested in continuum flow conditions. However, if the wedge does
not disturb the flow, the free-molecular theory may be applicable even

under continuum conditions. The results of measurements with a narrow
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wedge of about 40 mean free paths at the base is presented in Sec. III-B,

"Experimental Results."

*
F. ION COLLECTION BY FLUSH PROBES IN NONUNIFORM PLASMAS

In order to avoid perturbations of the flowing plasma surrounding
a re-entry vehicle, it may be necessary to place probes on the surface
of the vehicle rather than in the flow field. Since the electron
density varies as a function of distance from the vehicle surface, the

question arises as to what current the probe will measure.

Ordinarily, a probe samples the plasma at the edge of the sheath.
For the classical case, where the mean free path is much larger than the
sheath radius, the density without the probe present cannot change sig-
nificantly in a sheath thickness. However, in the immediate vicinity of
the vehicle surface, the electron density may be so low that the sheath
extends out many mean free paths to a point where the electron density
has increased significantly. Under these conditions, there will be many
collisions in the sheath. The following is a first attempt at a one-

dimensional theory to handle this case,

A planar geometry is assumed, with the probe sufficiently large
that the physical and sheath areas are approximately equal; most of the
current drifts into the sheath from a plane ds centimeters from the sur-
face. Assuming that there is neither recombination nor ionization in

the sheath, an equation for the current may be written as:

I = An 4 8)
+sev+/ (
where

n+s = ion density at the sheath edge

v+ = thermal velocity at the sheath edge.

%
Work accomplished under ARPA Contract SD-103, Order 281-62.
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If these assumptions are correct, a measurement of the ion current
coupled with a knowledge (either theoretical or from another measurement)
of the thermal velocity at the sheath edge is sufficient to determine the
ion density at the sheath edge. In order to establish the location of
the sheath edge, it is assumed that the charge density redistributes it-
self within the sheath in such a manner that the current flowing across

the sheath to the electrode is governed by the same relationships as for

a space-charge-limited diode at high pressures.13 This relationship is
given by
v2
I = 9/8€0p+ 3 A (9
d
s
where
Hy = ion mobility
V = potential across the sheath
ds = distance from the wall to the sheath edge

A = area of the electrode.

Equation (9) may be solved for dS in terms of the experimental
parameters, I, V, and by Equation (9) is for a constant mobility
through the diode. For a sheath formed near the vehicle surface, the
mobility will vary through the sheath, decreasing toward the surface by
a factor that is generally less than three. The diode equations have
been solved with a mobility decreasing exponentially from the cathode.
It is found that for a decrease in mobility of a factor of three, the
solution has the same form as Eq. (8) with H+ equal to the mobility at
the sheath edge, but with the constant reduced to about three quarters
of the value shown above. Considering the order of the other approxi-
mations, Eq. (8) will be used as it stands, with Hy equal to the mobility
at the sheath edge.

If these assumptions are valid, the measurement of current in an
electrode flush with the vehicle surface will enable one to determine

the ion flux at a distance ds from the surface. It is interesting to
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note from Eq. (9) that the sheath edge may be moved by varying the probe
potential, so that there is the possibility of measuring the electron
density profile near the wall, The distance ds will be a function of

the plasma parameters as well as the potential. For reasonable poten-
tials, dslgill be of the order of 0.025 mm (1 mil) for electron densities
around 10 electron/cc, and will increase to about a centimeter for
densities around 107 electron/cc. Thus, the degree to which the boundary
layer near the vehicle can be sampled by a flush probe will depend

strongly upon the density levels involved.

Preliminary results using this theory to interpret data taken in a

shock tube are discussed in Sec. III.
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III ELECTROSTATIC PROBE MEASUREMENTS

A. INTRODUCTION

In order to check the theory of probe operation in supersonic
ionized flows under free-molecular conditions and to gather data for
construction of a theory under continuum flow conditions, measurements
were made in a pressure-driven shock tube. The characteristics of the

shock tube are described in the appendix.

A set of three cylindrical probes was used for the measurements.
The probe dimensions were 0.01 inch (diameter) X 1/4 inch (length);
1/16 X 5/8 inch; and 1/4 X 2-1/2 inch. Each probe was at least twenty

times longer than its radius so that end effects would be negligible.

Measurements were made at two initial shock-tube pressures,
pl = 1 mmHg and p1 = 0.1 mmHg. Shock velocities ranged from about
3 to 5 mm/ysec at the higher pressure, and from 4 to 7 mm/ysec at the
lower pressure. The ratio of shock velocity to v+, behind the shock,
varied from about 2.3 to 3.7 over this range of pressures and shock

velocities.

The probe sizes, in units of neutral-neutral mean free paths behind
the incident shock, are shown in Table I. For strict free-molecular
flow the probe radius should be smaller than the incident mean free
path, This was not the case for any of the above conditions, but, as
will be discussed later, the 0.01- X 1/4-inch probe at p1 = 0.1 mmHg
operated as though it were in the free molecular regime. There is no
sharply defined value of rp/k above which the flow can be considered a
continuum, but from the work of Probstein a ratio of about rp/x = 30
seems sufficient for transition well into the continuum regime.10 If
this is true, then only the 1/4-inch diameter probe at 0.1 mmHg and the
1/16- and 1/4-inch probes at 1 mmHg were in continuum flow. Certain
scaling relations that were discovered upon analyzing the data reinforce

the idea that these probes were operating in a similar flow regime.
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Table I

EXPERIMENTAL PROBE SIZES

pl = 0.1 mmHg
v Mean Free Path rp/xz
(mm/sec) xz (mils) =S5 mils|{r =31 mils |[r = 125 mils
4 2.0 15 62
5 1.85 17 68
6 1.57 3.2 20 80
7 1.38 3.6 22 91
p, = 1 mmHg
v Mean Free Path rp/)‘2
(mm/psec) A (mils) =5 mils {r = 31 mils |[r_ = 125 mils
4 0.213 23 146 590
5] 0.198 25 157 630
6 0.165 30 190 760
7 0.135 37 230 925

The equilibrium values of electron density and gas temperature be-

hind the incident shock are shown in Figs.

shock speed.

used, the electron density varied from about 10

6 and 7 as a function of

Over the range of shock speeds and pressures that were

10

the gas temperature varied from 2500° to 6000°K.

to 1014

elec/cc, and

Due to ablation products from the dielectric liner in the driver
section, a sooty deposit was carried down the tube, covering the walls
and the probes. It was therefore necessary to clean the probes by
lightly rubbing them with fine emory cloth and washing them in alcohol

after each shot to ensure reliable measurements.
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Tests were made to determine whether the electron density in the
slug behind the shock front was the equilibrium value., These tests are
described in the appendix. The results showed that equilibrium electron
densities were obtained at 1 mmHg even after the tube was fired 40 times
without cleaning. Since the electron density is such a sensitive func-
tion of gas temperature and impurity level, it was concluded that if the
electron density was the equilibrium value, it was likely that the
other gas properties were also in equilibrium. At 0.1 mmHg the elec-

tron density was below equilibrium by as much as an order of magnitude
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if the tube was not properly cleaned. However, it took several shots
before the deviation from equilibrium became significant, therefore

cleaning after every shot was not required.

Measurements were made with a fixed bias voltage of -15 volts,

applied to the cylindrical probe with respect to the shock tube wall.
This value was judged sufficiently negative to ensure operation in the
ion saturation portion of the current-voltage characteristic. This
region of operation has been found to be the most reliable for measure-
ments of electron density in a variety of laboratory plasmas (electro-
magnetic shock tubes, flames, and dc and RF discharges). The electron
saturation current has often been found to give erroneously low readings,
depending on the type of plasma. Although it is desirable to have in-
formation about the entire current-voltage characteristic for probes

in filowing plasmas, it was decided that in the time available more would

be learned from fixed-bias, saturated-ion-current measurements.

The circuit diagram for a probe is shown in Fig. 8. The resistor

was selected such that the drop across it was small compared to 15 volts.

ION PROBE
ELECTRODE
ISv
)
]li
2 105 12S 1051005 kS 10k
b 2 2S 2SS asS e
P Il
E I
2000 pt SHOCK TUBE
l WALL

TA-3857-65-R2

FIG.8 ION PROBE CIRCUITRY

The probe currents were developed across the resistor and then fed into
about 30 feet of RG 58/U cable, which has about 30 yufd/ft capacitance.
The RC time constant resulting from this combination of resistance and
capacitance was always less than a microsecond, and most of the time
less than 0.1 _sec.
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The tests were made with many probes at a single station. In order
to be certain that there was no coupling or interference between the
probes, all of which had a common ground in the shock-tube wall, tests
were run both with a single probe and with many probes at the same

station. There was no discernible difference between the two conditions.

B. EXPERIMENTAL RESULTS

1. Cylindrical Probes

A typical probe response is shown in the upper trace of Fig. 9.

When the shock arrives there is an abrupt rise in current to a level that

STATION 579

P, =1 mmHg

U,84.25 mm /usec
(n4) = 5 x 10%ions /cc

e IIIIIIIIII

0.1 v/em, 1000 —ﬂﬂ—

TA-3857-62

FIG.9 TYPICAL FREE-STREAM ION PROBE RESPONSE
Upper Trace: Free-Stream Probe
Lower Trace: Flush Probe

stays approximately constant until the contact surface arrives, at which
time the current rises sharply and becomes rather erratic, No attempt
was made to study the rise in electron density with time across the
shock front, although at the lower shock speeds the ionization rise

time could be measured. Probes would be an excellent tool for such a

study, and would enable information on rate constants to be determined.

The results from the measurements have been reduced to a value
of electron density by assuming that the measured current is attributable
to collection of the incident flux by the projected area of the probe.

This is the case when a/rp ~ 1 and the flow is free-molecular. The
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relation between electron density and current that was used is:

+ ev,_dL

where I+ is the measured current and Ve is the shock velocity.

The flow behind the incident shock is less than the shock
velocity by a factor of less than 10 percent and varies slowly with

shock strength. For ease of data reduction we have used the shock speed

rather than the actual flow speed behind the shock.

Over most of the range of electron density the sheath was no
larger than the probe radius, but for p, = 1 mmHg the flow was not free-
molecular. We therefore did not expect the current to reach the probe

with velocity v but with a somewhat slower velocity, corresponding to

f’
the temperature of the electrons behind the shock formed arcund the
probe. However, we have calculated a value of n, from the above equation
and reduced all of the data in this way simply to have a uniform basis
for comparison and some idea of the electron densities measured at the
sheath edge. If, in fact, the proper velocity is some fraction of vf,
this should only change the results by a scale factor., If the current
is attributable to thermal energy, and so drifts into the probe around
the entire circumference rather than only the portion facing the flow,

there is a correction of only m/4.

a. Results at 1 mmHg

The 1-mmHg results are plotted in Fig. 10 in the form of
the ratio of the inferred value of q+ to neq (the equilibrium value) as
a function of neq' The equilibrium value is determined from the measured
value of the shock velocity. Although there is some scatter of points,
especially for the 0.01- X 1/4-inch probe at the lower electron densities,

a clear pattern is discernible in the data.

None of the probes yield a horizontal line, which would

indicate a linear relation between q+ and neq' All of them are
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approximately straight lines on log-~log paper, with a value which de-

creases with increasing values of n . This relation may be expressed
-2/3 .
approximately by n+/neq &« neq/ , which means that the value of n+ in-

1/3.

creases only with n, In other words, the probe is much less sensi-

tive to the incident electron density than when it is free-molecular,

The value of the ratio is both greater and smaller than
unity, although too much significance should not be attached to this
fact., If the particles are being collected at a much slower velocity

than v s

f’
would be higher.

then the inferred values of n , and hence the ratio n /n
+ + eq

It is clear from these results that the cylindrical probes
for high rp/xz are disturbing the flow and not simply sampling the inci-
dent flow. The error in assuming that the probe operated as if it were
free-molecular is as large as plus and minus one order of magnitude

over the range of the measurements.
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b. Probe Current as a Function of Angle

In order to determine whether the current was indeed
being collected only on the side facing the flow, and in proportion to
the projected area, when rp/}\2 was large, the following experiment was

performed.

A 7/16-inch diameter polystyrene rod was made the base
of a four-electrode probe, as sketched in Fig. 11. Each electrode was
run as a separate probe, with the shock-tube wall as the common elec-
trode for all probes. Currents were measured on each electrode for
different rotational settings of the probe with respect to the flow
velocity. In this way sufficient data were collected to enable construc-
tion of a plot of current as a function of 6§, the angle between the flow
velocity and the normal to the probe surface. 4 set of such measurements
was made at pl = 1 mmHg and a shock velocity of 3.5 mm/usec; the results
are shown in Fig. 12. 1In this figure the current has been normalized to
the current collected when § = 0 degrees. Most of the current was
collected by the portion of the probe facing the flow (- 90° < g <90°).
The current collected at any angle on the shadow side (% 90° < g < 180°)

was less than 10 percent of the current at 8 = 0 degrees.

The current collected on the "illuminated" side varied
approximately as the cosine of 6. This is the same sort of variation
that one would observe if the probe were free-molecular, although this

8 we calculated

is certainly not the case. Following Hoegy and Brace
that the value of current at § = * 90 degrees would be about 10 percent
of the value at 6 = O degrees for a value of vf/v.+ = 3. Thus, the form
of the current distribution around the probe is similar to that for the
free-molecular case, although the level is different. In any case,

these measurements demonstrated that the assumption that the current is

collected by the projected area of the probe is a good one.

C. Results at 0.1 mmHg

Measurements were made at a pressure of 0.1 mmHg with

the same set of cylindrical probes used for the measurements at 1 mmHg.
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As described in the appendix, measurements at 0.1 mmHg pressure with a
0.01- X 1/4-inch probe checked quite well with the results from a 33-Gc
microwave interferometer over the electron density range of 4 X 1011 to

4 X 10l elec/cc, when the probe current was interpreted according to
Smetana's formula.® This result indicated that the probe was operating
under free-molecular conditions, even though it was larger by a factor

of three than is allowed for in strictly free-molecular operation.
Measurements with a clean shock tube showed that free-molecular operation
continued to be true at higher electron densities, with the probe indi-

. . . ) 4 ,
cating equilibrium electron densities up to almost 10l elec/cc. Since

cleaning the tube required so much time, it was decided to use the

0.01~ X 1/4-inch probe, which had been checked against microwave measure-
ments, as an indicator of the actual electron density level and as a
standard for comparison with the other probes. The tube would then be
fired even when it was so dirty that the electron density was other than
the equilibrium value. The results of this series of measurements are
shown in Fig. 13,
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In this figure we have plotted the ratio of q+, as in-

ferred above, to the electron density indicated on the 10-mil

"0.01’

probe, as a function of the value of n At the lowest value of

0.01°
electron density a sheath correction was necessary for the 0.01 probe,
a correction which amounted to a factor of less than three. For the

10-mil probe, which was free-molecular, the curves of Fig. 1 were used

with the modifications to account for flow velocity discussed in

Sec. II-C.

We may note both similarities and differences between the
1-mmHg and the O0.1-mmHg data. At both pressures, the 1/16- and 1/4~inch
diameter probes disturbed the incident plasma, as evidenced by the fact
that the ratio of n+/neq is not constant with Dy The ratio at both
pressures decreases with increasing values of free-stream electron
density, however, at 0.1 mmHg, the 1/16- and 1/4-inch data were not
parallel, as was the case at 1 mmHg, and furthermore, the slope for the
1/16-inch probe is less than at 1 mmHg. We shall discuss these simi-

larities and differences more fully in Sec. IV.
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2, Narrow Wedge Probe

Measurements were made at a pressure of 0.1 mmHg with a 10-
degree half-angle wedge mounted at zero-degree angle of attack. The
wedge dimensions are shown in Fig, 14. The data for the wedge were
interpreted using the theory indicated in Sec. II-D. At the lowest
electron densities, the sheath was large enough for a modest correction

to account for the increased area of current collection.

The data indicate that the plasma flowing over the leading
1/8-inch edge is not significantly different from the incident flow.
These data agree with the 0.0l-inch probe data within a factor of two
over the entire range of electron densities. This indicates that such
a probe may be a feasible solution to the problem of constructing a
probe that is mechanically strong but that does not disturb the flow.
The next logical step is to make measurements with this probe at higher

pressures and for other than zero-degree angle of attack.
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sk
3. Flush Probes

The probe geometries tested are shown in Fig. 15. They in-
cluded a 9.5-mm diameter circular electrode and three strip electrodes
of approximate sizes 6.3 X 1.25 mm (HB-1); 7.5 X 1.25 mm (HB-2); and
6.3 x 0.25 mm. Since all probes were connected to a common ground
through the oscilloscopes, they were operated as unequal area probes;

the shock-tube wall served as the second, circuit-completing electrode.

In Figs. 16 and 17, characteristic flush ion probe responses

to widely differing free-stream conditions are shown. Since all ‘the

*
Abstracted from SRI Technical Report 26, Project 3857, May 1965,
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FIG. 15 CONFIGURATIONS OF FLUSH ION PROBES
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FIG. 15 CONFIGURATIONS OF FLUSH ION PROBES
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STATION 578

P, = | mmHg

U = 4.25 mm /usec
(n4)e = 5 x10%i0ns fcc

I v/em,10Q

0.1 v/em, 100Q

TA-3857-62

FIG. 16 TYPICAL TIME-RESOLVED RESPONSE OF HB-1 ION PROBE
FOR INTERMEDIATE AND HIGH FREE-STREAM DENSITIES
Upper Trace: Free-Stream Probe
Lower Trace: Flush Probe

flush probes indicated similar response characteristics, only the HB-1
probe response is shown. A typical response for intermediate and high
free-stream ionization levels is shown in Fig. 16. Note the character-
istic current overshoot when the shock arrives. The response of the
free-stream ion probe of 0.25-mm diameter and 12.5-mm length is indi-
cated in the same figure. Figure 17 indicates the response of the HB-1
probe to free-stream ion densities about one and one-half orders of
magnitude lower (1011 ions/cc) than those of Fig. 16. Both the flush
probe and the free-stream ion probe show the slow buildup of electron
density behind the shock. Note that the overshoot of the flush ion
probe is absent in Fig. 17, and that in both figures, corresponding to
high and low free-stream electron densities, respectively, the flush-
mounted ion probes do not indicate a significant increase in response
level upon arrival of the interface, while the free-stream probes always
exhibit a substantially increased, fluctuating response. Occasionally,
depending on free-stream turbulence, the flush ion probes also show the
arrival of the contact surface. In such cases, the flush ion probes

follow the free-stream probe response closely.

On Fig. 17 the ionization rise time, which is of the order of

10 ysec, is easily followed by the free-stream probe.
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(b) FLUSH PROBE

FIG. 17 TYPICAL TIME-RESOLVED RESPONSE OF HB-1 ION PROBE
FOR LOW FREE-STREAM ION DENSITIES

Under turbulent free-stream conditions, as generated by a
nonuniform shock wave, the average flush probe response level is sub-
stantially increased and exhibits rapid fluctuations (Fig. 18). Com-
pared to a laminar-type probe response for identical theoretical
free-stream conditions, the average current level corresponding to

turbulent flow is about a factor of two higher.
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FIG. 18 RESPONSE OF HB-1 ION PROBE TO TURBULENT
FREE-STREAM CONDITIONS
Upper Trace: Free-Stream Probe
Lower Trace: Flush Probe

The current overshoot on the flush probes is probably related
to the absence of a developed boundary layer immediately behind the
shock, the translational temperature overshoot, and the ion density in-
cubation times., The overshoot cannot be attributed to the effects of
probe capacity, since no significant correlation between probe area
and spike level (or between probe area and probe time response) was
found. Also, probes covered with a thin coating of dielectric (~10;)
were more than one order of magnitude reduced in response level, and
the transient response was significantly shorter than when observed

with the flush ion probes.

The experimental-probe current densities have been plotted
against the free-stream ion density (or equivalently, shock velocity)
in Fig. 19. Unless the estimated relaxation distances behind the shock
front extended further than 10 cm into the test slug,* the data were
reduced to the test time corresponding to 10 cm behind the pressure

discontinuity.

*
Here the test slug is defined as the region of shock compressed gas
between the shock front and the interface.
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FIG. 19 EXPERIMENTAL AND THEORETICAL FLUSH ION PROBE CURRENT
DENSITIES vs. FREE-STREAM EQUILIBRIUM ION DENSITY

When the flush ion probe data were interpreted on the basis
of a zero-order probe theory, described in Sec. I-F, it was found that
the flush probes indicated ion density levels much closer to free-stream
values than had initially been expected. The initial estimates were
based on the assumption that the cold gas near the wall was in ioniza-

0
tion equilibrium. At the low free-stream ion densities (10l ions/cce),
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the ion density inferred from flush pr.lte data was a factor of three

lower than the corresponding free-stream value. At the higher free-
. s 4 .

stream ion densities (101 ions/cc), the flush probe data indicated

values about an order of magnitude low.

Presumably because of poor experimental conditions in the un-
steady boundary layer, i.e., driver impurities deposited on the shock-
tube wall and turbulent free-stream conditions, the spread in experi-
mental data is about one order of magnitude. However, when observing
the variation of test data over four orders of magnitude of free-stream
ion density, from 1010 ions/cc to 1014 ions/cc, it becomes evident that
for the present experimental conditions, the flush ion probe current
level increases with increasing free-stream ion density and is much
closer to free-stream values than considerations of ionization equili-

brium at the wall would indicate.

If the accumulated data from all probes are considered, the

flush probe current varies approximately as

However, a better fit through the HB-1 and HB-2 probe data, which

covered the widest range of free-stream conditions, would yield

The difference in the power dependence is caused by the fact that the
larger (9.5-mm diameter) buttons (used principally at the intermediate
free-stream ion densities) seemed to yield higher current densities than
probes HB-1 and HB-2 by about a factor of two. However, no definite
conclusion can be made at this time, since this difference in current

level is well within the experimental data scatter.

10
Over the range of free-stream conditions covered, from 10

14 :
to about 10" " iomns/cc, it was found that the flush-mounted ion probes

sampled the ion density existing at the probe sheath edge. Interpreting
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the probe current as J+ = n+ev+/4, at the low free-stream ion density
levels, the flush-mounted ion probes measured ion density about a factor
of three lower than free-stream values. For high free-stream ion den-~
sities, the probes indicated ion densities about one order of magnitude
reduced from free-stream levels. These results agree well with theoreti-
cal expectations based on boundary-layer ion density profiles and sheath
dimensions computed by means of the collision-dominated, space-charge-
limited diode equation. In addition, considerations of probe theory
indicate another means of obtaining boundary~layer ion density profiles
from flush probe data. Equation (9) shows that dS has a strong depen-
dence on the probe potential. Thus, if the probe sheath can be varied

by modulating the probe potential, it may be possible to obtain the ion

density profile in the boundary layer.
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IV SCALING RELATIONS

The measured data presented in the previous section display some

striking characteristics. The data at 1 mmHg show that each probe
1

collected current at a rate proportional to nzq. Furthermore, the

ratio of the proportionality constants for the 1/16- and 1/4-inch probes
(the two probes that are clearly in continuum flow at this pressure) is
in inverse proportion to the probe radii. That is, at a given shock
velocity and initial pressure, the 1/16-inch probe collected four times

more current than the 1/4-inch probe. This suggests some sort of scaling

that depends upon the product n,r

4+ p? since this product is constant for

the probes considered so far.

In order to investigate the effect of pressure on this scaling re-
lation, we calculated the product n+rp obtained from the measured data
at 0.1 mmHg for the 1/4-inch probe (the only probe clearly in the con-
tinuum flow regimg). In Fig. 20 the results for the data at the two
pressures are plotted. 1In order to get sufficient overlap in the curves
we have straight-line extrapolated the l-mmHg data of Fig. 10 to higher
shock velocities. This is a reasonable assumption, since the data ex-

hibited straight-line characteristics over three orders of magnitude

in electron density.

From the available data it appears that q+rp is approximately con-
stant, not only with probe radius but also with pressure. If this
assumption proved to be true over the whole continuum flow regime, it
would be a valuable aid in interpreting probe data obtained under this
flow condition. The data at present are suggestive, but they are too
scanty to permit a high degree of confidence in predictions at other

pressures and probe radii. It is therefore very desirable to study

continuum probe operation to clarify the scaling relations.

We have constructed a model which accounts for the measured . results;

however, it must be realized that the model is somewhat speculative, and

further investigation is required to determine its validity. A binary
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scaling model, for which the ionization flow field would scale if

p2rp = constant (where pz is the gas density behind the incident shock),
could account for the results obtained with the 1/4-inch probe at 0.1
mmHg and for an extrapolated value (between the 0.01- and the 1/16-inch
probe data) for a 0.025-inch probe at 1 mmHg, but it would not shed any
light on the relation between data for different sized probes at the same
initial gas density. The following model accounts for both probe size

and pressure variations.

The flow field is divided into four regions as shown in Fig. 21.
Region 1 is the incident flow and has the properties associated with an
equilibrium slug of gas behind a normal shock. Region 2 is the shocked
region around the probe and extends from the detached shock front to the
boundary layer surrounding the probe. Region 3 is the viscous boundary
layer, which we shall assume is not in ionization equilibrium. Region 4
is the sheath-edge-to-probe-surface region and is embedded within the

boundary layer for the ionization levels under consideration.

When recombination of electrons and ions is important in the boundary
layer, the decrease in electron density across the boundary layer to the
sheath edge is related to the time required to cross the boundary layer.
Adamson points out that to a good approximation the velocity along the
stagnation streamline decreases linearly from the shock front to the

1.14

wal Using this approximation, calculation of the time for ions to

cross the boundary layer has been made.

The velocity at the shock front in region 2 is related to the in-

cident velocity, approximately, by the density jump, so that
Voo = (pl/pz)v1 .

For a linear velocity decrease, the velocity at the boundary layer

edge 1is

2

o
Yp1 T d
S
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FIG.21 FLOW FIELD ABOUT A CYLINDRICAL PROBE
IN SUPERSONIC CONTINUUM FLOW
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where

dbl = boundary layer thickness
ds = shock detachment distance
vbl = velocity at the boundary layer edge.

The time to cross the boundary layer edge, t3, is

t3 = 2 dbl/vbl

This may be related to the incident velocity to give

2 d
t = ——_——s
3 (pl/pz)v1

Hartsel shows that for the Mach number range with which we are con-

16

cerned, dS ~0.4r . Substituting this value for dS in the equation

for the transit time, we obtain

0.8 r
p

ty = (pl/pz)v1

For a recombination process, the electron density as a function of

time is
1/n = l/no + ot

where

n0 is the electron density at t = 0

& is the recombination coefficient.

If recombination is significant, the initial electron density term is

negligible and the electron density is

n—-L
T ot
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The value of the ion density at the sheath edge may be found by

inserting the ion transit time into the recombination equation. Thus,

o (py/py0v,
+s = 0.8ar ’
p
Multiplying through by rp we obtain an expression for n+srp
W (0)/p5)vy
4+s'p -~ 0.8« :

For dissociative recombination, ¢ is dependent only upon temperature.
Thus, n+srp is independent of rp, and since pl/p2 is only weakly de-

pendent upon pl, n+srp is also independent of pl. This checks with the

experimental results.

To check whether recombination is significant, we shall compute n o
at the lowest electron density for which scaling was observed. This will

be the most severe test of the importance of recombination,

From Lin and Teare we find that the value of ¢« for recombination of

NO+ and electrons is®®

o = 3 (10‘3) T'3/2 .

The uncertainty in o is about three, with experimental results giving
higher values. Therefore, for an average temperature of about 5000°K

-8
through most of the boundary layer, o is between 1 and 3 (10 7).

For the 1/4-inch probe, at a velocity of 4 mm/_sec, the value of
t3 is 3.75 ysec. Therefore, the calculated value of n is between
9 (1012) and 2.7 (1013) elec/cc.
The experimental results under these conditions showed that the
probe indicated an ion density 1.5 times the equilibrium value when the
probe current was considered attributable to flow velocity. This gives
an ion density of 3 (1012) elec/cc. However, the ions do not enter the

sheath with the incident flow velocity, but with the much slower thermal

velocity. Because of cooling in the boundary layer, the temperature at
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the sheath edge is about 2000°K, therefore, the inferred ion density is
about four times higher than indicated above. This gives a value of

n o~ 1.2 (1013) elec/cc, which checks fairly well with the recombina-
tion hypothesis,
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V  CONCLUSIONS AND FUTURE WORK

Some conclusions which can be drawn from the work presented in the

previous sections of this report are given below. Extensions of

work along several lines are also indicated.

1.

The theory of cylindrical electrostatic probes in
flowing plasmas outlined in Sec. II-C has been
verified for the case in which the sheath thick-
ness is small compared to the probe radius

(a/rp s~ 1). Extension of this work to the case
in which a/rp >> 1, which would correspond to
lower electron densities, would be a valuable
addition to our understanding of this type of
probe operation. The assumption that the sheath
shape is not changed by flow will be more critical
for a/rp >> 1. Also, the effect of collisions in

the sheath will be more dominant.

The experimental results show that the free-
molecular theory for flowing plasmas gives
accurate results for probe radii as large as
three times the neutral-neutral mean free path
of the flowing gas. Significant deviations from
free-molecular operation were noted when the
ratio of probe radius to mean free path was
greater than 20, The transition between

rp/)\2 = 3 and rp/}\2 = 20 was not measured. It
would be desirable to make measurements which
would cover the transition from free-molecular
to continuum flow. It is also of interest to
know the maximum value of rp/}\2 for which free-
molecular theory will give results accurate to a
specified level. Such information could be ob-

tained from measurements in the transition region.
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Cylindrical probes operating in the continuum
region (say, rp/)\2 > 30) do not collect current
at a rate proportional to the electron density
of the incident plasma. The electron density
indicated by such probes varied as only the 1/3
power of the incident electron density; that is,

n &« (n, .
+ probe ( incident
thus much less sensitive instruments for measuring

. 1
)3. Cylindrical probes are
electron densities in a flowing plasma than free-

molecular probes,

For probes operating in continuum flow over the
range of pressures and shock velocities that were
measured, it appears that the product n+srp is a
constant with respect to initial pressure and
probe radius and is only a function of shock
velocity. The value of n is that inferred from

+s
the relation I, = n e v, 2r L. Measurements
+ +s f p
should be made over a wider range of probe sizes and
initial pressures to investigate the apparent con-
stancy of n+srp with these parameters. It appears

that the constancy of n+srp can be accounted for by

recombination in the boundary layer.

A narrow wedge-shaped structure at zero-degree angle
of attack, with base dimensions of 30 mean free paths,
collected current as a free-molecular probe. It thus
appears that such probes will be useful for measure-
ments on re-entry vehicles, since they incorporate
mechanical strength with good probe performance. The
angle of attack will not, in general, be zero degrees,
so that it is necessary that these structures be
tested at other angles of attack. It is to be ex-
pected that their performance as probes will deteriorate
at large angles of attack, but it is desirable to have

a measure of the range of angles of attack over which

56



such probes can work with a specified degree of
accuracy. The present measurements were limited

to an initial pressure of 0.1 mmHg. Measurements
should be performed at higher pressures to verify
the capability of such probes to sample the incident

plasma accurately.

Flush probe measurements indicated that these probes
sample the electron density at the sheath edge. Due
to nonequilibrium effects in the boundary layer, the
electron density at the sheath edge may be much

closer to the free-stream values than an equilibrium
theory would predict. There is a possibility that

the electron density profile near the probe may be
measured by varying the probe potential. The distance
out from the surface to which this can be effectively
done is a function of the free-stream electron density,

the distance decreasing as the electron density increases.

All the measurements presented in this report were made
at a fixed bias of -15 volts. Measurements should be
made of the entire current-voltage characteristic to
determine the ability of such probes to yield measure-
ments of temperature, as well as to see if the ion
current characteristic is behaving as predicted by

theory.

It has been noted that under certain conditions probe
surfaces may become contaminated and give erroneous
measurements unless properly cleaned. It is not clear
whether the effect is due to oxidation on the surface
or the deposit of some material that was in the plasma.
Since probes may be used on re-entry vehicles which
ablate material into the flow field, it is important

to know how such materials would affect probe operation.

This area requires a systematic investigation.
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APPENDIX

PRESSURE-DRIVEN SHOCK TUBE

The laboratory simulation of probe operation associated with
planetary re-entry conditions necessitates the existence of a high-
velocity plasma. For short test times, the arc-driven shock tube can
provide strong shocks and equilibrium plasmas moving with velocities
up to about 40,000 ft/sec. One general advantage of shock-tube testing
is that, if equilibrium test conditions exist in the test slug, the gas
properties are a function only of shock velocity. Thus, an accurate

measurement ¢f shock velocity yields all equilibrium gas properties.

1. Description of the Equipment

The shock tube used in these studies is of the arc-driven type and

17 A schematic of the

is modeled after the design of Camm and Rose.
shock tube is presented in Fig. A-1. Figure A-2 shows a cross section
through the shock-tube driver. The driver is 1-1/2-inches in diameter
and 12 inches long. The driver is connected to the 12-inch diameter
driveh tube by means of a 54-inch long circular transition section. The

length of the driven tube has recently been increased from 25 to 36 feet,

The energy source is a 100-kilojoule capacitor bank, which is

triggered by an exploding wire technique.

Shock velocity is measured by a series of flush probes mounted in
the tube walls. The probe current develops a voltage across a resistor.
This voltage is then differentiated to give a spike in voltage when the
ionization front passes the probe. The voltage spike is applied to the
vertical plates of a raster oscilloscope (see Fig. A-3), and the time
for the shock to travel a known distance is measured from the oscillo-
scope in terms of the time between spikes. The accuracy with which

velocity is measured is estimated to be about 2 percent.
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FI1G. A-3 SHOCK VELOCITY MEASUREMENT ON RASTER SCOPE

Shock velocity versus capacitor-energy input into the driver is
shown in Fig., A-4, To date the shock tube has been tested at 1 mmHg
and 0.1 mmHg initial pressures. The capacitor bank voltage variations
ranged from 7 kv to 15 kv, It is perhaps worth mentioning that our
particular driver triggering system has permitted us to break down the
driver gas at very low voltages, say 6.5 kv, and 200-psi driver pressures

without difficulties.

2, Test for Equilibrium

Measurements were made at 0.1 and 1.0 mmHg to check that the slug
of ionized gas was indeed in ionization equilibrium. This was done by
phase measurements made at 33 Gc with a microwave interferometer. The
transmission path was between a pair of horns spaced 2 inches apart and
located symmetrically about the tube axis (see Fig. A-5). The horns
were mounted so that their apertures were flush with the surface of the
plates, 2 inches from the plate leading edge. The plates were 2 inches
wide and 3 inches long, with sharp tapers at their leading edges to
minimize flow disturbances. The horn apertures were covered with Mylar

tape.

Using this system, electron densities were checked over the range

10 2 . .
of 107 to 3 X 101 elec/cc at 1 mmHg with the results shown in Fig. A-6.
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FIG. A-4 SHOCK VELOCITY vs. CAPACITOR VOLTAGE FOR PRESSURE-DRIVEN,
ARC-HEATED SHOCK TUBE

The rms difference between the electron densities inferred from the

interferometer measurements and the values of the equilibrium electron
densities calculated from the measured data on shock velocity was less
than 30 percent. These results were obtained with the tube fired over

thirty times without cleaning.

The tube was operated with dry air as well as with ordinary room
air. No significant difference was detectable, either with probes or
with the interferometer; neither was a change in agreement with equili-

brium calculations detected.

Measurements made at 0.1 mmHg showed more scnsitivity to tube

cleanliness when fired at slower velocities. Measurements made with
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FIG. A-5 EXPERIMENTAL CONFIGURATION OF MICROWAVE INTERFEROMETER

40 shots on the tube without cleaning indicated electron densities as
much as an order of magnitude lower than equilibrium. After cleaning,
the interferometer still read lower electron densities than equilibrium,
but the level was raised to within a factor of two of equilibrium. A
0.25 X 6.4-mm probe mounted between the interferometer plates indicated
electron densities close to those deduced from the interferometer. A

similar probe mounted forward of the interferometer plates indicated
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FIG. A-6 COMPARISON OF ELECTRON DENSITIES AS MEASURED BY MICROWAVE
INTERFEROMETER WITH EQUILIBRIUM ELECTRON DENSITIES

electron densities higher than the probe mounted between the plates.
The forward probe measured values closer to equilibrium than the probe

mounted between the plates,

These results indicate that the plates were disturbing the flow at
0.1 mmHg initial pressures and causing a lower electron density to
appear between the plates than exists in free stream. The free-stream
electron density as measured by the forward probe indicated electron
densities within a factor of two of equilibrium. The agreement between
the interferometer and the probe located between the plates is taken as
evidence that the 0.25-mm free-stream probe is accurately measuring the

electron density.

Measurements made with the identical probes spaced 120 degrees
apart around the circumference of the tube indicated that variations

in electron density around the tube can be as high as a factor of two.
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